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Ge-based spin-photodiodes have been employed to investigate the spectral dependence of optical spin
orientation in germanium, in the range 400–1550 nm. We found the expected maximum in the spin polarization
of photocarriers for excitation at the direct gap in  (1550 nm) and a second sizable peak due to photogeneration
in the L valleys (530 nm). Data suggest distinct spin depolarization mechanisms for excitation at  and L,
with shorter spin relaxation times whether the X point is involved. These devices can be used as integrated
photon-helicity detectors over a wide spectral range.
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Spin-optoelectronics is a novel branch of semiconductor
spintronics, aiming at adding a new degree of freedom to
optoelectronics: the photon helicity. Exploiting the interplay
between the photon angular momentum and the spin of
electrons, integrated emitters (spin-LEDs) and detectors (spin
photodiodes) of circularly polarized light have been proposed.
Although GaAs is traditionally the material of choice for spin
optoelectronics, because of its direct gap allowing for efficient
conversion between light and spin polarization, recently Ge
has attracted a considerable attention. In fact, thanks to the
inversion symmetry of the crystal and the related absence of
the D′Yakonov-Perel spin scattering mechanism, Ge presents
a longer spin coherence time than the one of GaAs. Spin
manipulation [1], spin transport [2], spin optical pumping
in the infrared [3–7], and electrical spin injection [8] in
Ge have been reported. In our previous works [9,10], we
demonstrated the room temperature operation of spin-PDs
based on fully epitaxial Fe/MgO/Ge(001) heterostructures,
working at 0.95 eV [11,12]. However, there is still a poor
understanding of electrons and holes optical spin orientation
in Ge, especially at photon energies much higher than the direct
gap (0.8 eV). The optical spin orientation in Ge over a wide
spectral range has been theoretically investigated by Rioux
and Sipe [13]. However, no experimental data for excitation
far from the  point of the Brillouin zone (BZ) have been
reported so far. Even for GaAs, only very recently the photon
energy dependence of optical spin orientation well above the
absorption edge has been reported [14].
In this Rapid Communication, we report on the spectral
dependence of the optical spin orientation in Ge at room
temperature and over a wide spectral range (400–1550 nm, cor-
responding to 3.1–0.8 eV), via measurements of the helicity-
dependent photocurrent on Ge-based spin PDs. Surprisingly
enough, the maximum sensitivity to photon helicity is observed
far away from the direct gap (0.8 eV), where optical pumping
is supposed to produce the highest initial spin polarization.
Indeed, the helicity-dependent photocurrent variation indicates
a first peak around 1500 nm (0.8 eV) and then an absolute
maximum of about 10% at ∼530 nm (∼2.3 eV), corresponding
to optical pumping in the L valley of the Ge band structure,
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as shown in Fig. 1(a). Fitting of our data within a simple
diffusive model allows to gain a deeper insight into the physics
of spin depolarization phenomena occurring when pumping at
different photon energies. Different equivalent spin diffusion
lengths must be taken into account when photocarriers are
optically generated in the  and L valleys, respectively, thus
suggesting that spin depolarization phenomena during the
-X-L transitions play a major role.
Fe/MgO/Ge heterostructures have been prepared by molec-
ular beam epitaxy [11,15]. We employed lightly n-doped Ge
substrates (ρsc ∼ 47  cm) to maximize the spin diffusion
length. Spin-PDs with circular shape and different areas have
been fabricated via optical lithography and ion beam etching.
A sketch of a spin photodiode is shown in Fig. 1(b) [9]. In
our experiments a laser beam with tunable wavelength, from
400 to 1550 nm, impinges perpendicularly on the photodiode
surface. The light helicity is modulated between right (σ+)
and left (σ−) circular polarization, by means of a photoelastic
modulator operating at a frequency of 50 kHz. The helicity-
dependent photocurrent flowing across the photodiode (I =
I σ+ − I σ−) is measured using a lock-in amplifier, while the
magnetization of the Fe layer is driven out-of-plane, parallel
or antiparallel to the photon angular momentum, by means of
an electromagnet. I can be expressed as [9]
I (Vbias) = 2σ± Iphoto(D + ASF), (1)
where Iphoto(Vbias) is the unpolarized photocurrent measured
for incident linearly polarized light and in-plane magnetiza-
tion, D is the Magnetic Circular Dichroism (MCD) due to
dichroic absorption from the Fe layer (see Ref. [16] for details
on its measurements and subtraction from raw data), and
ASF is the spin dependent transport asymmetry. The last term
includes: (i) the degree of initial spin polarization after spin
optical pumping, (ii) the effect of spin depolarization during
transport towards the barrier, and (iii) the spin dependent
transmission through the tunneling barrier. In this sense, ASF
is the key parameter for discussing the spectral dependence of
spin optical orientation.
Figure 2(a) shows the experimental photocurrent Iphoto
versus the applied bias (Vbias) in case of a spin PD with
1.8-nm-thick MgO and several values of the photon energy.
For each value of hν, we regulated the source intensity in
order to obtain the same photocurrent for zero applied bias,
ensuring the same exciton generation rate. In the working
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FIG. 1. (Color online) (a) Band structure of Ge from the  to the
L point of the Brillouin zone (along the direction ). (b) Sketch of a
Fe/MgO/Ge spin photodiode.
range of our Fe/MgO/Ge photodiodes, −0.4 / +0.4 V, Iphoto
presents the typical s shape expected for photodetectors,
without any sizable dependence on the photon energy. The
photocurrent is null when Vbias approaches the built-in voltage
Vbi [9], and tends to saturate when |Vbias| increases, indicating
that the photocurrent is limited only by the photogeneration
process and basically all the excited carriers are collected
at the electrodes at ±0.4 V [17]. Figure 2(b) shows the
experimental behavior of the helicity-dependent photocurrent
I (Vbias) for the same set of photon energies. Since for
positive (negative) bias the electric field in the depletion region
drives photogenerated electrons (holes) towards the MgO
barriers, the modulation of I arises from spin filtering of
electrons (holes) in forward (reverse) bias. The corresponding
spin transport asymmetry ASF is plotted in Fig. 2(b) after
subtraction of the MCD contribution [16]. Apart from the
modulation of ASF as a function of the photon energy discussed
below, the shape of the photocurrent Iphoto versus bias, as
well as that of I and ASF, is almost independent on the
photon energy, thus suggesting a similar transport mechanism
across the barrier for all the photon energies employed. With
reference to the Ge band structure sketched in Fig. 1(a), for
photons resonant with the direct gap in , photogenerated
holes stay in , while electrons suffer from a fast decay
to the absolute conduction band minimum (CBM) in L,
with a relaxation time τ→L ∼ 230 fs [18]. At higher photon
energy, instead, carriers can be directly generated in L and
FIG. 2. (Color online) (a) Photocurrent Iphoto photogenerated by
linearly polarized light vs the bias voltage Vbias, for several values of
the photon energy hν. (b) Helicity-dependent photocurrent I due to
the full reversal of the circular polarization of light. (c) Spin transport
asymmetry (ASF) after subtraction of the MCD contribution. Data are
not shown in the region were I is almost zero and ASF diverges
[shaded region of (c)].
the situation is the opposite: electrons stay in L, while holes
decay towards the valence band maximum (VBM) in . Also
for holes, however, the intervalley relaxation process was
found to be very fast (τL→ ∼ 200 fs according to Ref. [4]).
Noteworthy, these characteristic relaxation times are shorter
than the average transit time τtr of photocarriers from the
point of generation to the barrier (see Ref. [16]). Overall, we
can assume that transport in the semiconductor and tunneling
through the barrier take place always in L and  for electrons
and holes, respectively, and points towards a minor role of
hot carriers in our devices. This indicates that the energy
dependence of the barrier transmission does not contribute
to the observed dependence of ASF on hν and this is coherent
with the very similar shapes of Iphoto, I , and ASF for all hν
(see Fig. 2).
Figure 3(a) reports ASF values measured from 0.8 eV to
3.1 eV photon energy, both for holes (Vbias = −0.4 V, red
empty dots) and electrons (Vbias = +0.4 V, blue filled dots)
and for the magnetization of the iron layer saturated in the out-
of-plane direction (see Ref. [16]). Noteworthy, ASF is slightly
higher for holes than for electrons in all the investigated photon
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FIG. 3. (Color online) Spin filtering asymmetry of spin PD’s vs
photon energy. Continuous and dashed lines represent fits obtained
with the diffusive model presented in the text. (b) Calculated degree
of optical spin orientation PS [13]. The light absorption length λL [19]
is compared with the spin-diffusion length lSF values for carriers [9]
excited around  (open circles on the λL curve).
energy range, confirming our previous suggestion [9] of a
sizable equivalent spin diffusion length for holes. Even more
interestingly, Fig. 3(a) shows a nonmonotonic evolution of ASF
versus photon energy, which allows to gain a deeper insight
into the process of spin optical pumping. Surprisingly, ASF
presents a relative maximum at about 1 eV, slightly above
the absorption edge of Ge (∼0.8 eV), but then it reaches
the absolute maximum at ∼2.3 eV, before assuming small
negative values above 2.4 eV. This is unexpected, because the
maximum degree of optical spin orientation should be achieved
at the direct band gap of the semiconductor, according to k · p
calculations [13].
In order to shed light on the apparent contradiction between
the calculated degree of optical spin orientation and the
measured ASF, we use a simple diffusive model of spin-PDs
including spin-optical pumping [9]. It represents only a first-
order approximation for a semiconductor such as Ge, but
contains the essential physics to describe the spectral response
of our devices. The spin filtering asymmetry ASF is given
by [16]
ASF = PS lSF
λL + lSF
[
γ rBrsc
Rsc(rsc + rB) + (1 − γ 2)rB2 + rBrsc
]
,
(2)
where PS is the carriers spin polarization immediately after
the photogeneration [13]; λL is the light absorption length; γ
is the spin-dependent interfacial resistance asymmetry; rB is
the resistance per unit surface of the tunneling barrier; Rsc =
ρscL is the product between the semiconductor’s resistivity
(ρsc) and the Ge thickness (L); rsc = ρsclSF is the product
between ρsc and the equivalent spin diffusion length (lSF) in
the semiconductor of the carriers involved in tunneling. lSF is
defined as lSF =
√
DτSF, where D is the diffusion coefficient
and τSF the spin-flip time of the carriers in Ge. In Eq. (2),
the dependence on the photon energy hν mainly arises from
the term f (hν) = PS( lSFlSF+λL ) via PS and λL, which stronglydepend on hν as well as via the possible dependence of lSF on
the peculiar point of the BZ where carriers are generated for
different photon energies.
Equation (2) allows to distinguish two operating regimes for
spin-PDs, corresponding to the following expressions for ASF:
ASF =
{
PS
lSF
λL
for λL  lSF
PS for λL  lSF . (3)
For λL  lSF, in the regime that we call spin depolarization
regime, carriers are photogenerated in a deep layer and suffer
from a major depolarization during their motion towards the
barrier, so that ASF is strongly suppressed. On the contrary,
if λL  lSF, in the true optical spin-orientation regime,
carriers are photogenerated in a layer much thinner than the
spin diffusion length, so that they preserve their initial spin
polarization till they reach the tunneling barrier. Figure 3(b)
reports the measured values of λL and the calculated values
of PS versus photon energy, taken from Refs. [19] and [13]
respectively. In the same figure, the lSF values for holes
and electrons, from our previous work on slightly doped
n-Ge considering excitation close to the direct gap [9], are
marked with circles on the λL curve (1 μm for electrons and
150–220 nm for holes). It turns out that the spin depolarization
regime, where λL  lSF, corresponds to photon energies close
to the band gap of the semiconductor. Here, λL (∼12.5 μm
at 0.8 eV [19]) is very large with respect to the lSF values.
Noteworthy, in this energy range, λL steeply increases when
the photon energy decreases. As a result, ASF decreases when
moving from 1 to 0.8 eV, although the initial degree of spin
polarization increases towards the absorption edge.
Above the absorption edge, PS first decreases and then
reaches a secondary local maximum around hν = 2.3 eV. In
fact, this energy nearly corresponds to transitions at the L
point of the BZ, where the crystal field reduces the symmetry
and a splitting between heavy holes and light holes takes
place. As a result, in a relatively narrow spectral region,
it is possible to achieve very high spin polarization within
the L valleys. Unfortunately, with such a photon energy the
generation of carriers is not restricted only to the L valleys but
involves several points of the BZ, so that the net degree of spin
polarization reduces to PS ∼ 20% [13]. However, at 2.3 eV, the
absorption length is reduced by two orders of magnitude with
respect to the case of 0.8 eV; in fact, there is a large region in the
k space where the L6 conduction and L4,5 valence bands are
parallel, with effective masses larger than those at the  point.
The absorption at this energy is very effective so that λL  lSF
and we definitely enter the spin-orientation regime. It is thus
clear why at 2.3 eV we observe the absolute maximum of lSF:
the lower PS(20%) with respect to the value at 0.8 eV (50%)
is largely compensated by the much lower depolarization of
photogenerated carriers during the propagation towards the
161304-3
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barrier. These results unambiguously demonstrate the presence
of a second peak at 530 nm in the degree of spin optical
orientation, as theoretically predicted, and provide a solid
framework for interpreting the spectral response of spin PDs.
We can gain a deeper insight into the complex spin
relaxation phenomena occurring after optical spin pumping,
by looking at the equivalent spin diffusion lengths used
to fit our data with the diffusive model presented above.1
For λL and PS , we used the values reported in Fig. 3(b),
while lSF is left as a free parameter. The red and blue lines
plotted in Fig. 3(a) represent the best fits to the experimental
data in the 0.8 to 1.5 eV photon energy range. A nice
fitting can be obtained using constant value of lSF equal
to 0.9 ± 0.1 μm and 190 ± 30 nm for electrons and holes,
respectively, which are suitable values for our slightly doped
n-Ge substrate and excitation close to the direct gap [9].
Assuming that the diffusive constant D is 0.010 35 m2s−1 for
electrons and 0.0049 m2s−1 for holes [20], this corresponds to
τ
el,
SF = 70 ± 20 ps for electrons and τh,SF = 7.5 ± 2.5 ps for
holes. Nevertheless, the extension of the fit with the same
parameters above 1.5 eV photon energy [dashed lines in
Fig. 3(b)] fails in reproducing experimental data, especially at
2.3 eV, where a much larger (lower) ASF would be expected for
holes (electrons). Indeed, a reasonable fit of our experimental
data can be achieved here [continuous curves in the yellow area
of Fig. 3(b)] only assuming that the equivalent spin lifetime
for electrons is longer (τ el,LSF = 155 ± 35 ps), while the one of
holes shorter (τh,LSF = 2.5 ± 1.0 ps). We will not discuss here
the absolute values of relaxation times, because they arise from
the interpretation of a complex phenomenon within a diffusive
model and not from direct spectroscopic measurements. How-
ever, the trend is definitely interesting. The energy dependence
of the spin relaxation time can be rationalized considering
that the photon energy hν also determines the point of the BZ
where the photogeneration process takes place. Consider first
the case of electrons. For hν resonant with the direct band gap,
electrons are primarily photogenerated close to the  point of
the BZ [see Fig. 1(a)] and then they relax with a characteristic
time (τ→L ∼ 230 fs [18]) towards the CBM located at the L
point. This process takes place via an intervalley  → X → L
1For the fitting, we simply used the function f (hν), as the
second term within brackets of Eq. (2) does not contain any sizable
dependence on the photon energy.
phonon-assisted momentum scattering, as the X and XL
scattering rates are much higher than the L one [21]. We
suggest that this process could strongly depolarize the carriers
by efficient spin-flip relaxation due to the spin hotspot on the
square face of the BZ, whose center is in the X point, as
pointed out for the case of Si [22]. For higher photon energies
(∼2.3 eV), the photogeneration process takes place at the L
point of the BZ. Electrons are already at the bottom of the
conduction band, so that the spin depolarization phenomena
are expected to be much less efficient [23]. For holes the
situation is reversed, as they stay in  for hν resonant with
the direct band gap and decay from L to  via the X point
when hν ∼ 2.3 eV. By consequence, the hole spin diffusion
length decreases when increasing hν.
To summarize, our data provide the experimental proof
of theoretical predictions for the spectral dependence of PS
in Ge over a broad spectral range. We proved that, apart
from the maximum in the spin polarization of photocarriers
for photon energy resonant with the direct gap (1550 nm,
0.8 eV), there is a second sizable peak at 530 nm (2.3 eV)
due to photogeneration in the L valleys, far away from the
center of the Brillouin zone. Noteworthy, the efficiency of
conversion between light helicity and photocurrent modulation
(ASF) is higher at 530 nm than at 0.8 eV, due to the lower spin
depolarization of carriers excited very close to the barrier at
530 nm. Our data demonstrate that there exist different spin
depolarization mechanisms for carriers excited around  and
L, suggesting lower spin relaxation times in case transitions
through the X point are involved. This work demonstrates that
Ge-based spin PDs can be used as suitable integrated detectors
of the photon helicity in a wide spectral range spanning from
the infrared (0.8 eV) to the visible (2.3 eV). This paves the way
to their use in several applications, not only related to telecom
but also to other fields (e.g., biology), where the detection
of the light helicity in the visible range could be of high
interest.
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